Differential renal expression of a homolog of the angiotensin-converting enzyme (ACE), that is, ACE2, has been implicated as a genetic basis of polygenetic hypertension in the stroke-prone spontaneously hypertensive rat model. However, data on the role of ACE2 in hypertension are still inconclusive. Therefore, we analyzed kidney ACE2 mRNA, ACE2 protein and ACE2 enzyme activities in the adult polygenetic stroke-prone spontaneously hypertensive rat (SHRSP) and the monogenetic TGR(mREN2)27 rat models, in comparison with their normotensive reference strains, Wistar-Kyoto (WKY) and Spraque-Dawley (SD) rats, respectively. Kidney ACE2 mRNA was studied using quantitative real-time reverse transcriptase-PCR (RT-PCR) in cortex and medulla, whereas protein expression was scored semiquantitatively in detail in different renal structures using immunohistochemistry. Furthermore, total renal tissue ACE2 activity was measured using a fluorimetric assay that was specified by the ACE2 inhibitor DX600. In SHRSP and homozygous TGR(mREN2)27 rats with established hypertension, kidney ACE2 mRNA, protein and tissue ACE2 activities were not different from their respective WKY and SD reference strain, respectively. In addition, when we looked at renal localization, we found ACE2 protein to be predominantly present in glomeruli and endothelium with weak staining in distal and negative staining in proximal tubuli. Thus, our data challenge previous work that implicates ACE2 as a candidate gene for hypertension in SHRSP by reporting a significant reduction of ACE2 in the kidneys of SHRSP. Taken together, renal ACE2 is not altered in the SHRSP and TGR(mREN2)27 genetic rat models with established hypertension.
INTRODUCTION
Angiotensin-converting enzyme (ACE), a key enzyme of the reninangiotensin system (RAAS), has a crucial role in renal (patho) physiology. It converts Angiotensin (Ang) I into AngII, a potent vasoconstrictive, pro-inflammatory and pro-fibrotic peptide. The only known homolog of ACE, the angiotensin-converting enzyme 2 (ACE2) has been identified in humans and rodents. 1 ACE2 functions as a zinc metallopeptidase with carboxypeptidase activity. ACE2 hydrolyzes AngI to generate Ang(1-9), a peptide with unknown effects on the vascular bed. In addition, it catalyzes hydrolysis of AngII to Ang (1-7), a potent vasodilator and antiproliferative peptide. The efficacy of ACE2 for the conversion of AngI to Ang (1) (2) (3) (4) (5) (6) (7) (8) (9) in humans is B400-fold lower than for the generation of Ang (1-7) from AngII. 2, 3 ACE2 may act as a negative regulator of ACE and the RAAS by limiting the production or antagonizing the vasoconstrictive effect of AngII and facilitating the formation of Ang (1) (2) (3) (4) (5) (6) (7) .
It was initially hypothesized that disruption of the delicate balance between ACE and ACE2 would result in abnormal blood pressure control. 4 In that line of thinking, increased ACE2 activity might protect against increases in blood pressure and ACE2 deficiency might lead to hypertension. In early animal studies, a potential role of ACE2 for blood pressure regulation and the pathogenesis of hypertension was supported by the fact that ACE2 maps to the X chromosome and shows colocalization with blood pressure quantitative trait loci (QTLs) 5 that have been identified in polygenetic rat models of hypertension, including the stroke-prone spontaneously hypertensive rat (SHRSP) 6 and the salt-sensitive Sabra hypertensive (SBH/y) rat model of genetic hypertension. 7 In addition, it was reported that renal ACE2 expression was decreased in these hypertensive strains when compared with the normotensive reference strains. 5 Moreover, stimulation of RAAS gene expression in SHR by all-trans retinoic acid (at-RA) for 3 weeks increased natively low kidney ACE2 mRNA, which was associated with a reduction in blood pressure. However, other data were at variance with a causal role for ACE2 in the pathogenesis of hypertension. In the above study, ACE2 protein levels in SHR were increased and almost reached the levels of the control rats, with blood pressure elevated in comparison with the controls, thus putting into question a straightforward association between renal ACE2 and blood pressure. 8 In addition, in knockout mice lacking the ACE2 gene, blood pressure was normal or only modestly increased in comparison with their background strain, despite increased AngII plasma and tissue levels. 5, 9 These findings suggest that the role of ACE2 in blood pressure control is not a uniform phenomenon and is apparently context dependent. In humans, data so far do not support a role for ACE2 in the genetics of hypertension, given the absence of association between single-nucleotide polymorphisms in the ACE2 locus and essential hypertension. 10 Thus, data on the role of ACE2 in blood pressure regulation and hypertension are still inconclusive. To address a possible role for renal ACE2 in established hypertension, we analyzed kidney ACE2 mRNA, ACE2 protein and ACE2 enzyme activities in two different genetic rat models of hypertension, namely the polygenetic SHRSP and the monogenetic TGR(mREN2)27 rat models in comparison with their normotensive reference strains, Wistar-Kyoto (WKY) and the SpraqueDawley (SD) rats, respectively.
METHODS Animals
This study was conducted in accordance with the National Institutes of Health (NIH) guidelines for the care and use of laboratory animals. All animal experiments were approved by the animal research ethics committee of the University Medical Centre Groningen. SHRSP, WKY, TGR(mREN2)27 and SD rats were obtained from our own colony in Berlin. SHRSP and WKY strains are directly derived from the original colonies from Heidelberg that were used in the co-segregation analysis in which the first blood pressure QTL on rat chromosome X was identified. Moreover, SHRSP and WKY animals with established hypertension were studied at a similar age of 14 weeks compared with the F 2 hybrids derived from SHRSP and WKY that were analyzed in the original linkage study. 6 Homozygous TGR(mREN2)27 animals develop severe hypertension at an early age and were therefore studied at 8 weeks of age as reported. 11 Rats were kept under conditions of regular 12 h diurnal cycles using an automated light switching device and climate-controlled conditions at a room temperature of 22 1C. The rats were fed a normal pelleted diet containing 0.2% sodium chloride (NaCl) and had free access to food and water. Systolic blood pressure and urinary albumin excretion were determined as previously reported. 12 Animals were killed under Ketamin HCl (87 mg kg À1 body weight; Ketanest S, Pfizer, Karlsruhe, Germany) and Xylazine (13 mg kg À1 body weight; Rompun, Beyer, Leverkusen, Germany) anesthesia at 14 weeks of age. After induction of anesthesia, the abdomen was opened by a vertical incision. Blood was drawn from the abdominal aorta and through the same puncture saline was infused, allowing both kidneys to be perfused before excision. Using this procedure precludes contamination of renal tissue by blood or serum components and thus eliminates the possibility of serum ACE2 tissue contamination. The absence of blood is visually verified by the absence of erythrocytes in the lumen of renal blood vessels in Figure 2 . Both kidneys were excised, and the left kidney was additionally dissected into cortex and medulla, and immediately frozen in liquid nitrogen and stored at À80 1C.
Real-time RT-PCR for ACE2
To quantify mRNA expression of ACE2 in kidney, we used the real-time quantitative RT ('TaqMan') PCR. Appropriate primers and fluorogenic probes were designed with the PrimerExpress software (Applied Biosystems, Darmstadt, Germany). The ABI PRISM 7000 SDS instrument in conjunction with the ABI TaqMan Universal Master Mix (Applied Biosystems) was used to perform the assays. The reaction volume was 25 ml with a final concentration of 900 nM for the primers and 200 nM for the probes. PCR conditions were used as recommended by the manufacturer. The primers were obtained from Proligo (Paris, France) with forward (F) and reverse (R) primer sequences F: 5¢-GAGGA GAATGCCCAAAAGATGA-3¢ and R: 5¢-GAAATTTTGGGCGATCTTGGA-3¢. The fluorogenic probe was synthesized by TIB Molbiol (Berlin, Germany) (5¢FAM-CTGCGGCCAAATGGTCTGCCTT-3¢ TAMRA). Relative quantitation was performed using the standard curve method. For each gene, a PCR fragment containing the sequence of the TaqMan system was generated. In all, seven serial 1:10 dilutions of this fragment served as a standard curve that was assayed together with the corresponding unknown samples on each plate. Every sample was measured in triplicate. To normalize our expression data, we used porphobilinogen deaminase (PBGD) as a housekeeping gene. 11
ACE2 immunohistochemistry
Angiotensin-converting enzyme 2 immunohistochemistry was performed on frozen and paraffin kidney sections. Frozen slides were fixed in acetone for 10 min. Paraffin sections were incubated overnight at +80 1C in Tris-HCl buffer (pH 9). A polyclonal rabbit anti-ACE2 antiserum (a kind gift of the ACE2 antibody from Millennium Pharmaceuticals Inc., Cambridge, MA, USA) 13 diluted in phosphate-buffered saline (PBS) and supplemented with 1% bovine serum albumin, in a concentration of 1:750 for frozen and 1:500 (WKY) or 1:750 (TGR(mREN2)27, SD and SHRSP) for paraffin sections was incubated for 1 h at room temperature. Endogenous peroxidase was blocked for 30 min (0.075% hydrogen peroxide (H 2 O 2 ) in PBS, pH 7.4) for paraffin sections before and for frozen sections after primary Ab incubation. Antibody binding was detected using sequential incubations with peroxidase-labeled goat anti-rabbit and peroxidase-labeled rabbit anti-goat antibodies (GARPO/RAGPO Dako, Glostrup, Denmark). Normal rat serum (1%) was added to the secondary antibodies to block a specific binding. Peroxidase activity was developed by using 3-amino-9-ethylcarbazole (AEC) for 10 min containing 0.03% H 2 O 2 . Counterstaining was performed using Mayer's hematoxylin.
In all, three types of control tests were performed to determine the specificity of the antibody. First, control sections were incubated with anti-ACE2 antibody solutions, which were pre-incubated with the synthetic peptide to which the antibody was raised (peptide sequence: NTNITEENVQNMNNAGDKW aa51-69, Pepscan Systems BV, Lelystad, The Netherlands). Second, sections were incubated with unrelated rabbit polyclonal antibodies (anti-alpha1Inhibitor3 or anti-Nitrotyrosine) and third, the sections were incubated with PBS in the absence of the primary antibodies. These control sections did not reveal any staining.
Analysis of structural changes
The structures that were positive for ACE2 were analyzed and scored semiquantitatively in a blinded manner. The combined intensity and distribution of ACE2 immunostaining were determined on a scale of 0 to 2+ (0 absent; +/À very weak staining; + moderate staining; ++ strong staining) for different parts of the glomerulus (mesangium, endothelium, visceral epithelium and parietal epithelium), tubuli (proximal and distal tubuli, collecting ducts), vascular structures in the cortex (vascular smooth muscle cells, vascular endothelium, peritubular capillaries) and vascular structures in the medulla (vasa recta).
ACE2 activity
Angiotensin-converting enzyme 2 activity was measured according to the method by Vickers et al. 3 Renal tissue was homogenized in assay buffer (50 mM 2morpholinoethanesulfonic acid, 300 mM NaCl, 10 mM zinc chloride (ZnCl 2 ), 0.01% Brij-35, pH 6.5). Protein concentration was determined using Roti-Quant (Carl Roth GmbH and Co. KG, Karlsruhe, Germany) according to the manufacturer's instruction. We used Mca-APK(Dnp) (Biosynthan GmbH, Berlin, Germany) that was dissolved in dimethyl sulfoxide (DMSO; 50 mM, final concentration) as the ACE2 substrate. The assay was performed in assay buffer and was started by adding 10 ml of tissue homogenate. After 2 h of incubation at ambient temperature (24 1C), the reaction was suppressed by adding 100 mM o-phenanthrolin (final concentration). Parallel control tests were performed in the presence of 1 mM DX600 (R&D Systems GmbH, Wiesbaden-Nordenstadt, Germany) (data not shown). 14 After centrifugation (10 min, 10 000Âg), the fluorescence was measured at 320 nm (excitation) and 405 nm (emission) using the Perkin-Elmer fluorescence reader Lambda 5 (Perkin-Elmer LAS GmbH, Rodgau, Germany). The molecular standardization was performed using Mca-AP (Biosynthan GmbH) and calculated per mg protein. The functionality of the assay was proven by a standardized solution with defined, recombinant ACE2 activity (R&D Systems GmbH).
Statistics
Data are presented as mean±s.d. The differences between the hypertensive strain and its normotensive control were analyzed using the Mann-Whitney U-test (SPSS 12.0; SPSS Inc., Chicago, IL, USA). Significant differences were obtained when Po0.05, and all P-values were calculated from two-tailed tests of statistical significance. Table 1 summarizes the characteristics for the hypertensive and normotensive rat strains. Both SHRSP and TGR(mREN2)27 rats showed significantly higher blood pressure and lower body weights than their respective controls. Homozygous TGR(mREN2)27 rats already showed a significant increase in urinary albumin excretion at 8 weeks of age whereas SHRSP showed normal albumin excretion levels that were similar to the normotensive rat strains.
RESULTS

Rat characteristics
ACE2 mRNA
Angiotensin-converting enzyme 2 mRNA levels were measured using quantitative RT-PCR in renal cortex and medulla. The results are presented in Figure 1 . SHRSP rats had similar ACE2 mRNA levels compared with WKY in both cortex and medulla. ACE2 mRNA levels in TGR(mREN2)27 cortex were lower than in SD cortex, but this did not reach statistical significance. No differences in ACE2 mRNA levels were found between TGR(mREN2)27 and SD medulla.
ACE2 immunohistochemistry
The immunohistochemical staining pattern of renal ACE2 was uniform in all rat strains, whether normotensive or hypertensive. Moreover, the pattern of ACE2 staining was consistent between frozen and paraffin sections. In the glomeruli, moderate ACE2 expression was observed in parietal epithelial cells and abundant ACE2 expression in visceral epithelial cells, whereas the glomerular mesangial and endothelial cells were consistently negative for ACE2 ( Figure 2 and Table 2 ). In vascular structures, ACE2 was abundantly expressed in vascular smooth muscle cells (VSMCs) and endothelial cells, with the exception of the endothelium of peritubular capillaries (Table 2) . Remarkably, VSMCs of larger cortical radial (interlobular) arteries have less ACE2 expression than VSMCs of smaller preglomerular arterioles. This effect was most pronounced in SHRSP and WKY rats. Proximal tubuli did not reveal ACE2 expression whereas distal tubuli showed weak, predominantly intracellular ACE2 expression on the basal side of the cells. Collecting ducts were consistently negative for ACE2.
The extent of ACE2 protein expression was scored semiquantitatively for all the renal structures in cortex and medulla and the results are presented in Table 2 . No differences in ACE2 expression were found between SHRSP and WKY rats and between TGR(mREN2)27 and SD rats (Figure 2 ).
Tissue ACE2 activity
In accordance with the renal mRNA and protein expression data, no differences were found in tissue ACE2 activity between the hypertensive strains and their normotensive reference strains (Table 3) . Notably, ACE2 activity was higher in SD and REN2 rats when compared with WKY and SHRSP rat strains.
DISCUSSION
The major finding of our study is the absence of any differences in kidney ACE2 mRNA, ACE2 protein and ACE2 activity between the Renal ACE2 is unaltered in experimental hypertension J Kamilic et al adult SHRSP, a model of polygenetic hypertension and its normotensive reference strain, the WKY rat. Similarly, in a completely different model of monogenetic, renin-dependent hypertension, equal levels of kidney ACE2 mRNA, ACE2 protein and ACE2 activity were found in adult hypertensive homozygous TGR(mREN2)27 animals and their normotensive reference strain, a transgenic negative SD rat.
The hypothesis that linked ACE2 with blood pressure regulation was initially supported by a study that analyzed renal ACE2 in genetic adult hypertension in rat models. 5 These findings would be theoretically in line with the hypothesis that in conditions with decreased ACE2 activity, blood pressure rises due to a prevailing AngII vasoconstrictor effect. -d) , stroke-prone spontaneously hypertensive (SHRSP; e-h), Spraque-Dawley (SD; i-l) and TGR(mREN2)27 (m-p) rats on frozen (left panel) and paraffin (right panel) sections and control sections (q-s). Comparable renal ACE2 expression was found in all four rat strains. In glomeruli, abundant ACE2 expression was present in visceral epithelial cells with moderate expression observed in parietal epithelial cells, whereas the glomerular mesangial and endothelial cells were consistently negative for ACE2. Overall weak ACE2 expression was present in the distal tubuli, as observed on the high magnification fields. Consistent vascular ACE2 expression was observed in vascular smooth muscle cells and endothelial cells. Control sections were incubated with anti-ACE2 antibody solution in the presence of the synthetic ACE2 peptide (q), an unrelated rabbit polyclonal antibody anti-Nitrotyrosine (anti-NT) (r) or with phosphate-buffered saline (PBS) in the absence of the primary antibody (s). These control sections did not reveal any staining.
CONTROLS
Recent studies have re-examined the role of renal ACE2 in blood pressure regulation with varying conclusions. 10, 15, 16 In experimental studies, first, in knockout mice lacking the ACE2 gene, blood pressure is either normal or only mildly increased compared with control littermates. 5, 9, 17 In rats, Pendergrass et al. 18 found that hypertensive male mRen2.Lewis rats had lower cortical ACE2 activity than normotensive Lewis rats, but no difference in ACE2 activity was present between female hypertensive and normotensive rats in the same study. Paradoxically, male mRen2.Lewis had a higher blood pressure than females despite significantly higher renal ACE2 activity. Thus, the association between lower renal ACE2 levels and higher blood pressure that was observed in the early studies is apparently not a uniform phenomenon, and seems to be context dependent, as shown by the effect of gender in the Pendergast study.
Human renal biopsy data illustrate the complexity of the possible associations between renal ACE2 and blood pressure. Wakahara et al. 19 showed that renal ACE2 is expressed synergistically with ACE, supporting pathophysiological relevance of the combination of the two, rather than for ACE2 alone. Moreover, they found that blood pressure was an independent confounding factor for renal ACE/ACE2 ratio, at expression as well as at protein level, in patients with hypertension secondary due to diverse renal conditions. These data support the presence of an association between renal ACE/ACE2 balance and hypertension in renal patients, with a higher ACE/ACE2 ratio being associated with hypertension. These association data in renal patients, however, do not allow to dissect between hypertension as a cause or consequence of elevated blood pressure, or to conclude upon a role of ACE2 in essential hypertension, in the absence of renal disease.
Epidemiological data so far have not provided support for a role of ACE2 in hypertension. Neither in candidate gene studies 10 nor in two recent genome-wide association studies 20, 21 was the ACE2 locus associated with blood pressure or hypertension.
The intrarenal localization of ACE2 could potentially provide clues as to its functional role. However, data on the intrarenal localization of ACE2 are not consistent. Our current findings in rat renal tissue are somewhat at variance with earlier reports that provided varying results. In the current study we found predominant glomerular and endothelial ACE2 staining with weak staining in distal and negative staining in proximal tubuli. Others, however, have reported ACE2-positive proximal tubuli and/or ACE2-negative glomeruli in male SD rats using commercially available goat polyclonal anti-ACE2 antibodies 22 and in female SD rats with self-prepared mouse monoclonal and rabbit polyclonal anti-ACE2 antibodies. 23, 24 These reports strongly emphasize the lack of ACE2 protein in glomeruli. On the other hand, with the above mentioned commercially available goat polyclonal anti-ACE2 antibody, ACE2-positive staining was subsequently reported to be present not only in tubular segments, but also in glomeruli and endothelial cells of male adult SD rats. 25 Similarly, in adult SHR and WKY rats, ACE2 mRNA and protein was present in proximal tubuli and large vessels with weak distal tubular and glomerular presence using the initial rabbit polyclonal anti-ACE2. 26 Considering these between-laboratory discrepancies, in the current study we took great care to rigorously test validity and reproducibility of our immunohistochemistry data. To this purpose we tested different antibodies, and moreover, we reproduced the findings on paraffin as well as frozen sections. The similarity of our findings on renal ACE2 in paraffin and frozen sections, as well as the reproducibility of it for two different hypertensive and normotensive strains, supports the robustness of our findings. Hence, although our findings are internally consistent, for the moment between-laboratory differences are still difficult to interpret and hamper a consistent overall conclusion on the intrarenal localization of ACE2.
It should be noted that there are species differences in the renal localization of ACE2. ACE2 expression pattern in human kidneys is similar to the one in mouse kidneys, 1, 22, 27 with primary localization in the proximal tubular epithelium. However, inconsistencies can be found in mouse glomerular ACE2 presence as described even by the same group. 28, 29 Besides, kinetic differences in AngI and AngII metabolism are shown to be exist between rat, human and sheep kidneys. 25, 30, 31 There are some limitations to our study. First, our data were obtained in adult animals with established hypertension and hence do not rule out a role for renal ACE2 in the early onset of hypertension. Second, because of technical issues, we only can provide data on ACE2 whereas the relevant pathogenetic entity might well be ACE/ ACE2 ratio. Taking these limitations in mind, our data do not support a role for renal ACE2 in established hypertension in genetically determined hypertension in rats. Yet, our data do not completely rule out a possible contribution to specific hypertensive conditions such as Sabra rat model, or an important (protective) role for tissue ACE2 at local organ-specific sites. 28, [32] [33] [34] [35] In conclusion, kidney ACE2 expression and activity is similar in polygenetic and monogenetic adult rat models of hypertension as compared with their normotensive reference strains. The precise role of renal ACE2 in hypertension remains to be established.
